The mouse model of West Nile virus (WNV), which is a leading cause of mosquito-borne encephalitis worldwide, has provided fundamental insights into the host and viral factors that regulate viral pathogenesis and infection outcome. In particular, CD8 ϩ T cells are critical for controlling WNV replication and promoting protection against infection. Here, we present the characterization of a T cell receptor (TCR)transgenic mouse with specificity for the immunodominant epitope in the WNV NS4B protein (here referred to as transgenic WNV-I mice). Using an adoptive-transfer model, we found that WNV-I CD8 ϩ T cells behave similarly to endogenous CD8 ϩ T cell responses, with an expansion phase in the periphery beginning around day 7 postinfection (p.i.) followed by a contraction phase through day 15 p.i. Through the use of in vivo intravascular immune cell staining, we determined the kinetics, expansion, and differentiation into effector and memory subsets of WNV-I CD8 ϩ T cells within the spleen and brain. We found that red-pulp WNV-I CD8 ϩ T cells were more effector-like than whitepulp WNV-I CD8 ϩ T cells, which displayed increased differentiation into memory precursor cells. Within the central nervous system (CNS), we found that WNV-I CD8 ϩ T cells were polyfunctional (gamma interferon [IFN-␥] and tumor necrosis factor alpha [TNF-␣]), displayed tissue-resident characteristics (CD69 ϩ and CD103 ϩ ), persisted in the brain through day 15 p.i., and reduced the viral burden within the brain. The use of these TCR-transgenic WNV-I mice provides a new resource to dissect the immunological mechanisms of CD8 ϩ T cell-mediated protection during WNV infection. IMPORTANCE West Nile Virus (WNV) is the leading cause of mosquito-borne encephalitis worldwide. There are currently no approved therapeutics or vaccines for use in humans to treat or prevent WNV infection. CD8 ϩ T cells are critical for controlling WNV replication and protecting against infection. Here, we present a comprehensive characterization of a novel TCR-transgenic mouse with specificity for the immunodominant epitope in the WNV NS4B protein. In this study, we determine the kinetics, proliferation, differentiation into effector and memory subsets, homing, and clearance of WNV in the CNS. Our findings provide a new resource to dissect the immunological mechanisms of CD8 ϩ T cell-mediated protection during WNV infection.
majority of individuals; however, symptomatic individuals can present with arthralgia, myalgia, and cephalea. A small percentage of WNV-infected individuals may also progress to encephalitis that can be fatal or result in permanent neurologic deficits (3, 4) . Neuroinvasive WNV infection is more prevalent among elderly and immunodeficient individuals (5) . Currently, there are no antivirals or vaccines approved for use in humans to treat or prevent WNV infection.
Studies in humans infected with WNV have provided valuable insights into the correlates of protective immune responses. Postmortem central nervous system (CNS) tissues from individuals who have succumbed to WNV infection show generalized parenchymal infiltration of CD3 ϩ T cells, which colocalize to areas of viral antigen (6, 7) . Observations in the peripheral blood of symptomatic WNV-infected patients found that neuroinvasive disease was correlated with atypical CD4 ϩ T cells that expressed Th1 and Th2 cytokines simultaneously (8) . Additional studies have found a positive correlation between symptomatic WNV disease and increased T cell immunoglobulin domaincontaining molecule 3 (Tim-3) expression on CD8 ϩ T cells, strongly suggesting that WNV may induce T cell-inhibitory molecules as a mechanism to dampen T cell immune responses (9) . Combined, the data show that T cells play an integral role in mediating clinical disease progression and infection outcome in humans.
WNV infection of mice recapitulates many aspects of viral pathogenesis observed in WNV-infected humans (10) . Through the use of the murine model, several components of the innate and adaptive immune response have been found to control WNV replication, tissue tropism, and infection outcome. Following WNV infection, CD8 ϩ T cells are activated and reach peak expansion in the periphery by day 7 postinfection (p.i.), followed by CXCR3-dependent trafficking to the CNS (11) . There, CD8 ϩ T cells control virus dissemination, limit neuronal injury, and mediate viral clearance through cytolytic (Fas, TRAIL, and perforin) and, potentially, noncytolytic mechanisms (12) (13) (14) (15) . Recently, the CD8 ϩ T cell immunodominant epitope within WNV was identified, which has provided insight into the dynamics of virus-specific CD8 ϩ T cell responses during WNV infection (16, 17) . However, we still have a rudimentary understanding of the kinetics, differentiation, expansion, and trafficking of WNV-specific CD8 ϩ T cells to the CNS during infection.
In this study, we present the generation and characterization of a novel T cell receptor (TCR)-transgenic mouse with specificity for the immunodominant epitope in the WNV NS4B protein (here referred to as transgenic WNV-I mice). Using an adoptivetransfer model, we found that WNV-I CD8 ϩ T cells behave similarly to endogenous CD8 ϩ T cell responses, with an expansion phase in the periphery beginning around day 7 p.i., followed by a contraction phase through day 15 p.i. Through the use of in vivo intravascular (i.v.) antibody immune cell staining, we determine that the kinetics, expansion, and differentiation into effector and memory subsets of WNV-I CD8 ϩ T cells are influenced by anatomic location within the spleen. Within the CNS, we found that WNV-I CD8 ϩ T cells are polyfunctional (gamma interferon [IFN-␥] and tumor necrosis factor alpha [TNF-␣]); display a tissue-resident phenotype, characterized by increased CD69 and CD103 expression; and persist through day 15 p.i. Most importantly, WNV-I cells were able to reduce the viral burden within the brains of WNV-infected mice.
RESULTS
Titration of WNV-I T cells during WNV infection. CD8 ϩ T cells are essential for regulating protection against WNV infection (17) . However, studying CD8 ϩ T cells in the context of WNV infection has been challenging due to the lack of a T cell-transgenic system. Previous studies identified the D b binding immunodominant peptide epitope within WNV NS4b (SSVWNATTAI) following infection of C57BL/6 mice (16, 17) . In this study, we report the generation of a TCR-transgenic mouse with specificity for this immunodominant epitope found within the WNV NS4B protein (here referred to as WNV-I mice) ( Fig. 1A) . We isolated and stained peripheral blood mononuclear cells (PBMCs) from naive WNV-I TCR-transgenic mice with a D b -NS4b tetramer (18) and found that more than 95% of the CD8 ϩ T cells were WNV specific, which is consistent with other T cell-transgenic mouse models ( Fig. 1B) (19, 20) . Following WNV infection of C57BL/6 mice, WNV-specific CD8 ϩ T cells peak on day 7 p.i. within the spleen ( Fig.  2A ). To determine an optimal number of WNV cells that could be tracked during infection, we adoptively transferred between 5 ϫ 10 3 and 5 ϫ 10 6 WNV-I CD8 ϩ T cells into congenically marked mice and evaluated the expansion of WNV-I CD8 ϩ T cells on day 7 p.i. (Fig. 2B ). Three days following adoptive transfer, recipient mice were infected with 100 PFU of WNV isolate TX 2002-HC (WNV-TX) through the subcutaneous (s.c.) route. In the spleen, we observed a substantial increase in recovery/expansion of WNV-I CD8 ϩ T cells following transfer of either 5 ϫ 10 3 (52-fold) or 5 ϫ 10 4 (59.8-fold) cells ( Fig. 2C ). Interestingly, we observed a dramatic reduction in this ratio in WNV-infected recipient mice that received either 5 ϫ 10 5 (3.1-fold) or 5 ϫ 10 6 (1.1-fold) WNV-I CD8 ϩ T cells. Based on these findings, we proceeded to use 5 ϫ 10 4 WNV-I CD8 ϩ T cells as an optimal number of transgenic cells to transfer into recipient mice for analyzing CD8 ϩ T cell responses during WNV infection.
WNV-specific CD8 ؉ T cells accumulate within the RP of the spleen. In vivo intravascular immune cell staining has been demonstrated to be a valuable technique for identifying tissue-resident immune cells (21, 22) . Next, we combined adoptive transfer of WNV-I CD8 ϩ T cells with in vivo intravascular immune cell staining to better understand the dynamics and composition of WNV-specific CD8 ϩ T cell responses in the spleen during WNV infection ( Fig. 3A and B) . As a baseline, uninfected mice showed an accumulation of WNV-I-specific CD8 ϩ T cells within the white pulp (WP) versus the red pulp (RP) of the spleen on day 3 posttransfer ( Fig. 3C ). This finding is consistent with previous studies using P14 CD8 ϩ T cells (23) . Following WNV infection, we observed strong skewing in the frequency of WNV-I CD8 ϩ T cells within the RP compared to the WP of the spleen (Fig. 3C ). On day 7 p.i., we observed a reduction in the frequency of WNV-I CD8 ϩ T cells within the WP with a concomitant increase in the frequency of WNV-I CD8 ϩ T cells within the RP. The frequency of WNV-I CD8 ϩ T cells within the RP was higher than in the WP on day 15 p.i. (RP, 67.9% Ϯ 3% versus WP, 27.1% Ϯ 4%; P Ͻ 0.05). Interestingly, the total number of WNV-I CD8 ϩ T cells expanded through day 7 p.i. and contracted through day 15 p.i. (Fig. 3D ).
We next evaluated the functional properties of WNV-specific CD8 ϩ T cell responses within the spleen. Following ex vivo restimulation with a peptide carrying the immunodominant WNV CD8 ϩ T cell epitope, we observed both single-and double-positive IFN-␥and TNF-␣-secreting cells through day 15 p.i. Interestingly, cytokine responses between RP and WP WNV CD8 ϩ T cells were heterogeneous in nature, but peak responses occurred on day 7 p.i. (Fig. 3E to H). The frequency of IFN-␥ single-positive (RP, 34% Ϯ 5.2% versus WP, 26.4% Ϯ 3.7%; P Ͻ 0.05) WNV-I CD8 ϩ T cells were slightly, yet significantly, higher in the RP than the WP on day 7 p.i. In contrast, cell counts and frequencies of TNF-␣ single-positive (WP, 1.6% Ϯ 0.7% versus RP, 0.5% Ϯ 0.6%; P Ͻ 0.05) and IFN-␥ and TNF-␣ double-positive (WP, 33.4% Ϯ 6.7% versus RP, 6.7% Ϯ 2.8%; P Ͻ 0.05) WNV-I CD8 ϩ T cells were slightly, yet significantly, higher in the WP than in the RP at 7 and 11 days p.i., respectively. Combined, our findings demonstrate that the WNV-I CD8 ϩ T cells are functional and respond during WNV infection. Furthermore, the anatomic location within the spleen has a strong influence on the distribution and cytokine potential of CD8 ϩ T cell responses during WNV infection.
Effector and memory WNV-specific CD8 ؉ T cell differentiation within the spleen. We next characterized differentiation into effector and memory WNV-specific CD8 ϩ T cell subsets during infection ( Fig. 4A and B ). We observed that KLRG1 (RP, mean fluorescence intensity [MFI] of 325.8 Ϯ 44.2, versus WP, 62.5 Ϯ 30.3; P Ͻ 0.05) and CD44 (RP, MFI of 354 Ϯ 30.9, versus WP, 205 Ϯ 40; P Ͻ 0.05), two cell surface markers of effector T cell differentiation, showed significantly increased expression on WNV-I CD8 ϩ T cells within the RP compared to the WP of the spleen on day 7 p.i. Interestingly, WP WNV-I CD8 ϩ T cells on days 7 and 11 p.i. displayed KLRG1 expression similar to that of naive WNV-I CD8 ϩ T cells. Compared to naive CD8 ϩ T cells, ICOS, which is a marker typically found on activated CD8 ϩ T cells (24); Ki-67, which is a molecule expressed on cells that have undergone recent proliferation; and perforin, which is a T cell effector molecule, were similarly upregulated on WNV-I CD8 ϩ T cells within the RP or WP on day 7 or 11 p.i.
We next evaluated memory markers on WNV-I CD8 ϩ T cells within the RP or WP during WNV infection. CD27, a marker typically found on central and effector memory T cells (25) (26) (27) , was expressed at significantly higher levels on WP than RP WNV-I CD8 ϩ T cells on days 7 (WP, MFI of 368.6 Ϯ 21.2, versus RP, 280 Ϯ 9.0; P Ͻ 0.05) and 11 (WP, MFI of 379 Ϯ 49.4, versus RP, 239.3 Ϯ 3; P Ͻ 0.05) p.i. In contrast, CD62L, a marker of memory CD8 ϩ T cell differentiation, was downregulated to a greater extent on RP than WP WNV-I CD8 ϩ T cells or naive T cells on days 7 (RP, MFI of 631 Ϯ 186, versus WP, 869 Ϯ 134.4; P Ͻ 0.05) and 11 (RP, MFI of 667.5 Ϯ 189.6, versus WP, 932 Ϯ 189.2; P Ͻ 0.05) p.i. Expression of CD69, a marker of tissue-resident memory CD8 ϩ T cells, on WNV-I CD8 ϩ T cells did not change relative to naive CD8 ϩ T cells on day 7 p.i., but WP WNV-I CD8 ϩ T cells did show increased expression on day 11 p.i. (WP, MFI of 27.6 Ϯ 8.1, versus RP, 21.5 Ϯ 5.5; P Ͻ 0.05). We next evaluated memory precursor effector cell (MPEC) (KLRG-1-CD127 ϩ ) and short-lived effector cell (SLEC) (KLRG-1ϩCD127 Ϫ ) subsets on WNV-I CD8 ϩ T cells found within the spleen ( Fig. 4C to E). We observed a greater frequency of SLECs in the RP than in the WP of the spleen on days 7 (RP, 25.5% Ϯ 1.3% versus WP, 8.4% Ϯ 1.24%; P Ͻ 0.05) and 11 (RP, 32.5% Ϯ 4.3% versus WP, 4% Ϯ 1.5%; P Ͻ 0.05) p.i. (Fig. 4C) . Conversely, we observed a significant enrichment of MPECs within the WP compared to the RP of the spleen on days 7 (2.1% Ϯ 0.4% versus 0.17% Ϯ 0.1%; P Ͻ 0.05), 11 (26.5% Ϯ 3.0% versus 15.7% Ϯ 1.5%; P Ͻ 0.05), and 15 (16.16% Ϯ 3.4% versus 6.7% Ϯ 1.7%; P Ͻ 0.05) p.i. (Fig. 4D ). While CD122, CD25, interleukin 15 receptor (IL-15R), and CD103, which are additional markers of T cell memory, were upregulated on WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cells, no differences in expression were observed between WNV-I CD8 ϩ T cells located within the RP and those in the WP. We next evaluated homing molecules typically found on effector CD8 ϩ T cells during virus infection. CXCR3, a chemokine receptor that has previously been implicated in promoting CD8 ϩ T cell trafficking to the CNS during WNV infection (11) , was expressed at significantly higher levels on WNV-I CD8 ϩ T cells in the WP than on those in the RP on days 7 (WP, MFI of 83.5 Ϯ 8.8, versus RP, 50.4 Ϯ 7.7; P Ͻ 0.05) and 11 (WP, MFI of 178.1 Ϯ 12.2, versus RP, 79.6 Ϯ 15.4; P Ͻ 0.05) p.i. CCR7 was not expressed on WNV-I CD8 ϩ T cells more than in naive controls at either time point.
Lastly, we measured the expression of the T cell inhibitor markers PD-1, Lag-3, and Tim-3 on WNV-I CD8 ϩ T cells. We found that PD-1 and Lag-3 were not differentially expressed on RP or WP WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cells. However, we did observe a modest, yet significant, increase in Tim-3 expression on RP compared to WP WNV-I CD8 ϩ T cells on day 11 p.i. (RP, MFI of 17.7 Ϯ 1.9, versus WP, 14.3 Ϯ 1.6; P Ͻ 0.05). Altogether, these data indicate that WNV-I CD8 ϩ T cells display asymmetric phenotypic characteristics depending on their anatomic location within the spleen. Our data indicate that effector WNV-I CD8 ϩ T cells tend to accumulate in the RP and memory precursor cells accumulate in the WP of the spleen.
Polyfunctional WNV-I CD8 ؉ T cells infiltrate the brain on day 7 postinfection. Next, we used in vivo intravascular immune cell staining to differentiate between intravascular and brain-resident (BR) CD8 ϩ T cells during WNV infection ( Fig. 5A and B ). Similar to endogenous NS4B-specific CD8 ϩ T cell responses during WNV infection (28, 29) , WNV-I CD8 ϩ T cells infiltrated the CNS beginning on day 7 p.i. and remained in the brain parenchyma through day 15 p.i. (Fig. 5C and D) . Interestingly, from day 7 p.i. onward, a majority of the WNV-I CD8 ϩ T cells were identified as brain resident rather than localized within the vasculature.
We next evaluated the functional properties of brain-resident WNV-I CD8 ϩ T cells following ex vivo peptide restimulation. Similar to WNV-specific CD8 ϩ T cells within the spleen, we observed both single-and double-positive IFN-␥and TNF-␣-secreting WNV-I CD8 ϩ T cells through day 15 p.i. On days 7 and 11 p.i., IFN-␥-and TNF-␣-doublepositive cells were more prevalent and had higher cell counts than individual singlepositive cells on brain-resident WNV-I CD8 ϩ T cells ( Fig. 5E to H) . By day 15 p.i., brain-resident WNV-I CD8 ϩ T cells showed markedly reduced cytokine responses. These findings demonstrate that early during CNS neuroinvasion, WNV-specific CD8 ϩ T cell responses are multifunctional and the cells secrete both IFN-␥ and TNF-␣.
WNV-I CD8 ؉ T cells in the brain parenchyma acquire a tissue-resident phenotype. We next examined the expression of surface markers on brain-resident and intravascular WNV-I CD8 ϩ T cells during WNV infection ( Fig. 6A and B ). We observed a significant decrease in KLRG1 expression on BR compared to i.v. WNV-I CD8 ϩ T cells on days 7 (BR, MFI of 47.5 Ϯ 32.7, versus i.v., 123.5 Ϯ 32.3; P Ͻ 0.05) and 11 (BR, MFI of 1.7 Ϯ 3.9, versus i.v., 77.38 Ϯ 28.5; P Ͻ 0.05) p.i. Similarly, CD44 expression was significantly decreased on brain-resident compared to intravascular WNV-I CD8 ϩ T cells on day 11 p.i. (BR, MFI of 447 Ϯ 205.3, versus i.v., 782.8 Ϯ 133.2; P Ͻ 0.05). We observed a significant reduction in ICOS expression in both vasculature and brain parenchyma WNV-I CD8 ϩ T cells relative to naive CD8 ϩ T cells. While slightly increased over naive CD8 ϩ T cells, Ki-67 showed no difference between brain-resident and intravascular WNV-I CD8 ϩ T cells. Intriguingly, perforin expression was profoundly decreased on brain-resident WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cells. Both CXCR3 and CCR7 showed little to no expression on either brain-resident or intravascular WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cells. Altogether, these findings strongly suggest that WNV-I CD8 ϩ T cells undergo dynamic changes as they enter the brain region, with reduced activation and proliferation.
In terms of cell surface expression of memory markers, we observed profound, yet similar, downregulation of CD62L, CD127, CD122, and CD25 expression on brainresident and intravascular WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cell controls. Interestingly, CD27 and IL-15R showed increased expression on brain WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cell controls; however, no significant differences were observed between brain-resident and intravascular cells.
As CD8 ϩ T cells enter a tissue during pathogen infection, they acquire a tissueresident phenotype characterized by upregulation of CD69 (30) and CD103 (31, 32) expression. We observed increased expression of CD69 and CD103 on brain-resident WNV-I CD8 ϩ T cells compared to naive CD8 ϩ T cells on day 7 and day 11 p.i. Interestingly, CD69, but not CD103, displayed differential expression on brain-resident versus intravascular WNV-I CD8 ϩ T cells, suggesting that CD69 is a marker of tissueresident CD8 ϩ T cells within the brain on day 7 (BR, MFI of 212.4 Ϯ 40.6, versus i.v., 118.8 Ϯ 33.3; P Ͻ 0.05) and on day 11 (BR, MFI of 367.5 Ϯ 104.9, versus i.v., 243.5 Ϯ 9; P Ͻ 0.05) p.i.
The inhibitory receptor PD-1, but not Lag-3 or Tim-3, showed significantly increased expression on brain-resident compared to intravascular WNV-I CD8 ϩ T cells or naive CD8 ϩ T cells on day 7 (BR, MFI of 377.8 Ϯ 60.0, versus i.v., 284 Ϯ 5; P Ͻ 0.05) and day 11 (BR, MFI of 531.5 Ϯ 74.7, versus i.v., 402 Ϯ 51.8; P Ͻ 0.05) p.i. Altogether, these data indicate that WNV-I CD8 ϩ T cells undergo dynamic changes as they differentiate into brain-resident CD8 ϩ T cells.
WNV-I CD8 ؉ T cells reduce the viral burden. We next evaluated the antiviral potential of the WNV-I CD8 ϩ T cells to reduce the WNV burden in the periphery and CNS. We adoptively transferred 5 ϫ 10 3 or 5 ϫ 10 4 WNV-I CD8 ϩ T cells into C57BL/6J recipient mice and infected the mice with WNV-TX 3 days posttransfer. Spleen and brain tissues were harvested on days 4 and 8 p.i. On day 4 p.i., we observed a slight reduction in viral titers in the spleen with increasing amounts of WNV-I CD8 ϩ T cells transferred into the recipient mice ( Fig. 7A ). On day 8 p.i., the viral titers were below the limit of detection in the spleens of all the experimental groups. In the brain, we detected WNV in the brains of mice that received 5 ϫ 10 3 (2 out of 10 mice) or 5 ϫ 10 4 (1 out of 9 mice) WNV-I CD8 ϩ T cells on day 4 p.i., although these differences were not statistically significant. Most importantly, on day 8 p.i., we observed a statistically significant reduction in the WNV burden in mice that received 5 ϫ 10 3 (76-fold reduction; P Ͻ 0.05) or 5 ϫ 10 4 (400-fold reduction; P Ͻ 0.05) WNV-I CD8 ϩ T cells compared to mice that received no WNV-I CD8 ϩ T cells (Fig. 7B) . Altogether, these findings demonstrate that WNV NS4B-specific CD8 ϩ T cells are sufficient to reduce the WNV burden in the CNS.
DISCUSSION
In this study, we report the generation of TCR-transgenic mice to track and study virus-specific CD8 ϩ T cell responses during WNV infection. We combined in vivo intravascular immune cell staining to characterize circulating and tissue-resident CD8 ϩ T cell responses. Using an optimized number of transgenic WNV-I CD8 ϩ T cells, we found that anatomic location within the spleen, brain, and vasculature influences the activation and effector functions of virus-specific CD8 ϩ T cells during WNV infection. Most importantly, we found that the transgenic WNV-I CD8 ϩ T cells were able to reduce the viral burden in the CNS during WNV infection.
Adoptive transfer of TCR-transgenic CD8 ϩ T cells is a powerful way to track and study virus-specific CD8 ϩ T cell responses during infection. During our initial characterization of WNV-I CD8 ϩ T cells, we observed that increasing the number of WNV-I CD8 ϩ T cells by 10-or 100-fold resulted in a dramatic reduction in the recovery of WNV-I CD8 ϩ T cells on day 7 p.i. This phenomenon, also referred to as a "ceiling" of the effector T cell response, has been observed in other experimental model systems (33) and pathogen infection (34, 35) . It is plausible that increasing the initial frequency of WNV-I CD8 ϩ T cells results in altering viral pathogenesis (36) or the kinetics of T cell expansion or proliferative burst (37) . Further studies are needed to better understand how the initial frequency of TCR-transgenic cells impacts the viral pathogenesis and kinetics of CD8 ϩ T cell activation and expansion during WNV infection.
In the spleen, we observed that WNV-I CD8 ϩ T cells are preferentially distributed within the RP compared to the WP of the spleen. In both the RP and WP, WNV-I CD8 ϩ T cells differentiated into effector cells, as determined by cell surface expression of KLRG1, CD44, CD69, and CXCR3 and their ability to secrete inflammatory cytokines (TNF-␣ and IFN-␥). Similar to lymphocytic choriomeningitis virus (LCMV) infection, we also observed preferential expansion of SLECs and MPECs within the RP and WP of the spleen, respectively. It is possible that a combination of factors, such as antigenpresenting cell (APC) activation (38) , viral replication, and regulatory T cells (23) , may promote the differential expansion and polyfunctionality of WNV-I CD8 ϩ T cells within the spleen during virus infection.
WNV-specific CD8 ϩ T cells migrate to the CNS around 7 days p.i. and persist in the CNS through 6 months post-WNV infection despite the lack of detection of viral RNA within the brain (39, 40) . In a similar manner, we found that CNS-resident WNV-I CD8 ϩ T cells (CD69 ϩ CD103 ϩ ) persisted in the CNS through day 15 p.i. In other models, specifically LCMV and vesicular stomatitis virus (VSV), virus-specific CD8 ϩ T cells have been reported to accumulate within the CNS following pathogen clearance (30, 31) . However, it is not yet clear what role, if any, these tissue-resident CD8 ϩ T cells play in mediating immune homeostasis within the CNS. A potential hypothesis is that virusspecific CD8 ϩ T cells may persist in the CNS to block subsequent viral infections or virus reactivation. Furthermore, it will be interesting to determine the host factors that regulate maintenance of WNV-specific CD8 ϩ T cells within the brain and whether antigen is required for CD8 ϩ T cell persistence within the brain following WNV clearance.
The mechanisms by which CD8 ϩ T cells mediate clearance within the CNS during WNV infection have been studied but are not yet well defined. Recent studies using global knockout mice and endogenous CD8 ϩ T cells have identified potential host factors, including TNF-␣, IFN-␥, TRAIL, and perforin, as important mediators in controlling WNV replication within the CNS (12, 13) . Furthermore, dendritic cell (DC)-CD8 ϩ T cell interactions within the CNS, as well as IL-1 signaling, have also been shown to play important roles in programming protective CD8 ϩ T cells during WNV infection (41) . These transgenic WNV-I CD8 ϩ T cells can now be used to more accurately dissect mechanisms that mediate viral control within the CNS and protection against lethal WNV infection.
In summary, we have presented the generation and characterization of a novel WNV TCR-transgenic mouse that can be used to better understand CD8 ϩ T cell responses during WNV infection. These mice are available to the scientific community and will allow future studies to uncover mechanisms underlying differentiation into memory CD8 ϩ T cells, homing to the CNS, maintenance of tissue-resident CD8 ϩ T cells within the CNS, and mechanisms of neuroprotection during WNV infection. CD103 (clone OX-62), CXCR3 (clone CXCR3-173), PD-1 (clone J43), Tim-3 (clone SD12), CD69 (clone H1.2F3), CD122 (clone 5H4), Lag3 (clone T47-530), CD25 (clone 7D4), and IL-15R (clone DNT15Ra) (BD Bioscience); and CCR-7 (clone 4B12) (BioLegend). Following 30 min incubation at 4°C, the immune cells were washed with PBS and stained for dead cells in PBS with Ghost 510 dye (1:1,000 dilution; Tonbo Bioscience). The cells were washed with 200 l of FACS buffer and fixed with Erilyse fixing buffer (BD Bioscience).
MATERIALS AND METHODS
Ex vivo T cell assays. Single-cell suspensions (1 ϫ 10 6 cells) were seeded in 96-well U-bottom tissue culture-treated plates in 100 l cRPMI. Lymphocytes were stimulated with 1 g/ml of the WNV NS4b peptide (SSVWNATTAI) in the presence of Golgi Stop (BD Bioscience) for 5 h at 37°C. Following peptide stimulation, the cells were washed with FACS buffer and stained for cell surface markers and dead cells as described above. The lymphocytes were then incubated with 100 l of permeabilization buffer (Tonbo Biosciences) for 60 min, washed twice with 200 l of fixation buffer (Tonbo Biosciences), resuspended in 50 l of FACS buffer, and stained with antibodies against IFN-␥ (clone AN-18; BioLegend) and TNF-␣ (clone C9B7W; BD Bioscience) for 30 min at 4°C. The cells were washed with FACS buffer, and flow cytometry was performed on a BD LSRII machine using BD FACSDiva software. Flow cytometry data analysis was performed using FlowJo software version 10.1r5 (TreeStar, Ashland, OR).
Focus-forming assay. WNV-infected mice were euthanized by overdose with isoflurane and perfused with 20 ml PBS. Spleens and brains were removed, weighed, placed in soft-tissuehomogenizing tubes (Omni International, Kennesaw, GA) containing 500 l of PBS with 1% heatinactivated FBS, and homogenized using a Precellys 24 (Bertin Technologies, France) at 1,500 rpm for 20 s. Focus-forming assays were performed as previously described with minor modifications (44) . Briefly, tissue homogenates were diluted in DMEM supplemented with 1% FBS and used to infect Vero cells for 1 h at 37°C. The cells and inoculum were overlaid with methylcellulose (Opti-MEM [Corning Cellgro], 1% antibiotic/antimycotic [Corning Cellgro], 2% FBS, 2% methylcellulose [Sigma-Aldrich]) and incubated for 72 h at 37°C. The cells were washed with PBS, fixed with 200 l of 4% paraformaldehyde (PFA), washed twice with PBS, and permeabilized (PBS supplemented with 2% saponin [Sigma-Aldrich] and 2% FBS or permeabilization solution). The cells were incubated with humanized WNV E16 antibody (kindly provided by Michael Diamond) in permeabilization solution for 2 h at RT. The cells were washed twice with PBS, followed by incubation with anti-human horseradish peroxidase (HRP)-conjugated secondary antibody (HRP-conjugated goat anti-mouse IgG) in permeabilization solution (1:1,200 dilution; Jackson ImmunoResearch, West Grove, PA) diluted 1:3,000 in permeabilization solution for 2 h at RT. Foci were developed with TrueBlue peroxidase substrate (SeraCare, Milford, MA). The plates were read on a CTL-ImmunoSpot S6 Micro Analyzer and counted with the help of ImageJ software version 1.51f. Counts were normalized to the weight of the tissue, and titers were expressed as focus-forming units per gram.
Statistical analyses. Statistical analyses were performed in GraphPad 6 (Prism, La Jolla, CA, USA). Statistical significance was calculated using a paired t test for normally distributed data. One-way analysis of variance (ANOVA) was used for multiple comparisons. P values of Ͻ0.05 were considered statistically significant.
